During recent decades, metamaterials, made up of specified subwavelength resonant building blocks, have attracted increasing interest due to exotic properties and fascinating potential application [1, 2] . One of typical paradigms are perfect absorber [3] , the working frequency, which ranges from microwave [4, 5] (terahertz) [6] [7] [8] to infrared [9] [10] [11] , and even optical region [12, 13] , and the working angle can be a single direction [3, 14] , a wide angle [15] [16] [17] and even an omni-direction [18] [19] [20] [21] . Due to the flexible external tunability by an external magnetic field (EMF), the magnetic metamaterial (MM) based absorber can be more desirable for practical applications. In addition, the time reversal symmetry (TRS) is broken for the MM under the exertion of an EMF [22] [23] [24] , enabling it to work unidirectionally.
In this work, we designed a ferrite based unidirectional perfect MM absorber [25] . Then by calculating the transmission as the function of the incident angle and working frequency, the scattering phase shift of the n-th angular momentum channel (AMC), and effective constitutive parameters, we present the simulated unidirectional perfect absorbing effect. The results show that the origin of the unidirectional absorbing effect relies on the TRS breaking characteristic of the ferrite materials under an EMF and the nonreciprocal Mie resonance. Furthermore, the unidirectionality and the working frequency can be manipulated flexibly with an EMF, which makes the designed absorber much easier to meet the requirements of the practical applications.
To study the unidirectional perfect absorbing effect, a ferrite material with a strong loss is necessary. In our work, we have used Ni-Zn ferrite with large damping coefficient, whose magnetic permeability is a second-rank tensor in the form [26] r k k r i 0 i 0 , 0 0 1 ), and the damping coefficient is a = 6 × 10 -2 . The magnetic metamaterials (MM) considered in present work consist of an array of Ni-Zn ferrite rods arranged periodically as a square lattice in the air, where the lattice constant is a = 7.05 mm and the radius of the ferrite rod is r = 2.25 mm. We observed the phenomenon when a transverse magnetic (TM) Gaussian beam with electric field polarized along z direction incident on a 5-layer MM slab from two symmetrically opposite directions q inc = ±60°. The working frequency is f = 4.35 GHz, and the EMF is H 0 = 500 Oe oriented along z direction, parallel to the rod axis. The results are shown in Fig. 1 , where we can find that the Gaussian beam incident from left hand side with the incident angle q inc = 60° is completely absorbed, while the reflectance and transmittance is nearly vanished as shown in panel (a). In this case, the slab behaves as a perfect March 20, 2014 In present work, we demonstrate that when a transverse magnetic (TM) Gaussian beam is incident to a magnetic metamaterial (MM) slab, it can be completely absorbed at a particular direction, resulting in a unidirectional perfect absorption. The unidirectionality is due to the time reversal symmetry (TRS) breaking nature of the MM; while the perfect absorbing effect is explained by the multiple scattering theory and the effective medium theory. By tuning the magnitude and the orientation of the external magnetic field, the working frequency can be adjusted and the unidirectionality can be reversed. Accordingly, we can design tunable compact optical devices to achieve unidirectional perfect absorption.
OCIS where we can find that by reversing the EMF the perfect absorbing effect is realized at the symmetrically opposite direction with q inc = -60°, while at q inc = 60°, an obvious reflection beam is observed. The electric field patterns are mirrored compared to those in Figs. 1(a) and (b). Accordingly, the unidirectionality is the consequence of the TRS breaking and can be reversed by an EMF.
To explore the origin of the unidirectional absorbing effect in more detail, we also calculate A, R, and T as the functions of frequency, as indicated by the black, red, and blue lines, respectively, for the direction of EMF along ±z, respectively, as indicated by the solid and dashed lines in Fig. 2(a) . It can be found that for the EMF along z direction the best operating frequency is located at f = 4.35 GHz, where the absorptance is equal to 1, while an obvious reflectance equal to nearly 0.57 occurs when the EMF is reversed to -z direction. This remarkable difference relies on the TRS breaking characteristic of the ferrite materials under an EMF, which is consistent with the electric field patterns in Fig. 1 . All the electric field patterns and transmissivity are calculated by employing the multiple scattering method [27] based on Mie scattering theory. The Mie scattering coefficient b n can be written as b n = -1/(1 + icoth n ), where h n is the scattering phase shift of the n-th AMC. The tangent of metamaterial absorber. Differently, for the Gaussian beam incident from a symmetrically opposite direction with q inc = -60°, the EM energy is obviously reflected, as can be observed from panel (b). That is to say, the designed absorber based on ferrite materials can be operated unidirectionally. This nonreciprocity enables the absorber possess switch characteristic, which makes it more useful for the implementation of microwave devices. We also calculated the absorptance (A), reflectance (R), and transmittance (T) as the functions of the incident angle q inc , the results are shown in panel(e), where red down triangle, blue up triangle, and green diamond mark, respectively, A, R, and T. At the incident angle q inc = 60° the absorptance equals to 1 and at symmetrically opposite direction q inc = -60°, an obvious reflectance R = 0.57 can be observed, which coincident with Figs. 1(a) and (b) . In addition, although the perfect absorbing effect can be realized only in a very narrow angle around q inc = 60°, for the practical application, we can rotate the device around the central axis to make it operable for any beam direction.
The unidirectional phenomenon relies on the TRS breaking characteristic of the ferrite materials under an EMF, absent for the ordinary dielectric and metallic materials. To illustrate this point, we can control the nonreciprocity by reversing the orientation of magnetization from z to -z, still parallel to the rod axis. on the orientation of the magnetization. In addition, the EMT indicates a large Im(m eff ) appears, leading to the perfect absorption. More importantly, by tuning the direction and magnitude of EMF the unidirectionality and the working frequency can be flexibly controlled, which makes it more desirable for practical applications. the scattering phase shift |tanh n | versus frequency are shown in Figs. 2(b) and (c) , respectively, for a Ni-Zn ferrite rod of the radius r = 2.25 mm under two opposite magnetization. The peaks corresponds to the Mie resonance of a single rod at different AMCs. The -1st AMC resonance corresponds to the absorption peak for the EMF along z direction as shown in panel (a). Then, by reversing the magnetization along -z direction the +1st AMC resonance is excited at the same frequency, but the absorption is only about 0.43. Actually, this +1st AMC resonance induces the perfect absorption for the beam incident from the symmetrically opposite direction with q inc = -60°. The sharp difference for the -1st AMC resonance and the +1st AMC resonance arises from the TRS breaking nature of the ferrite materials under an EMF, resulting in the nonreciprocity of the MM. In the long wavelength limit, we can retrieve the effective constitutive parameters of the MM within the effective-medium theory (EMT) [28] , which is helpful for the understanding of the unidirectional perfect absorption and the resonant behavior. In Fig. 2(d) , we present, respectively, the imaginary parts of the effective permittivity e eff and the effective magnetic permeability m eff , as indicated by the blue dashed line and red solid line. It can be found that at the working frequency f = 4.35 GHz, a large value of Im(m eff ) greater than 5 can be realized. This suggests that the TM Gaussian beam is coupled to the -1st AMC resonance entirely for the incident angle q inc = 60° and then consumed completely due to strong loss, leading to the unidirectional perfect absorption.
Finally, we increase H 0 from 500 Oe to 1080 Oe, the 0-th AMC resonance replace the −1st AMC resonance at the working frequency f = 4.35 GHz and for the EMF along z direction. The electric field pattern is shown in Fig. 3(a) , where an obvious reflected beam is observed. That is to say, the 0-th AMC resonance is independent to the unidirectional perfect absorption, but leads to strong reflection. The |tanh n | under the EMF H 0 = 1080 Oe are calculated and presented in Fig.  3(c) , where two -1st AMC resonance can be observed. By choosing the second peak of -1st AMC resonance f = 5.81 GHz as the working frequency, we have performed the simulation. The electric field pattern is presented in Fig. 3(b) , where we can find that the Gaussian beam is completely absorbed, and the reflectance and transmittance is nearly zero. Compared to the perfect absorber in previous work, one particular advantage of the MSP based metamaterial absorber is the tunability of the working frequency by an EMF.
In summary, we have designed a ferrite based unidirectional perfect metamaterial absorber with the tunable working frequency and nonreciropcity. By calculating the transmittance, the AMC resonances, and the effective constitute parameters, we can find that the unidirectional phenomenon originates from TRS breaking nature of the ferrite materials and the excitation of the +1st or -1st AMC resonance, dependent 
